ABSTRACT. The defective growth of bovine herpesvirus 1 (BHV-1) was analyzed in non-permissive murine embryo fibroblast, BALB/3T3 A31-1-1 (A31) cells. BHV-1 was able to attach and penetrate into A31 cells at similar levels that were seen in semi-permissive cells. Once penetrated into A31 cells, BHV-1 was efficiently transported to nuclei, but the onset of expression of immediate early (IE) protein and viral DNA replication was not observed. These data suggest that the viral replication of BHV-1 in A31 cells is arrested at the point prior to the expression of IE proteins. KEY WORDS: BHV-1, growth defect.
Bovine herpesvirus 1 (BHV-1) is a member of alphaherpesvirus group and causes various diseases such as infectious bovine rhinotracheitis, abortions, conjunctivitis, and infectious pustular vulvovaginitis in cattle [1] . BHV-1 has a relatively narrow host cell range in vivo and in vitro when compared to other alphaherpesviruses such as herpes simplex virus (HSV) and pseudorabies virus (PrV). BHV-1 exhibits productive replication in bovine-derived cell lines such as Madin-Darby bovine kidney (MDBK) cells, while viral replication is impaired in cell lines derived from diverse vertebrate species. Replication of BHV-1 is strictly restricted and no infectious progeny is produced in cell lines such as murine embryo fibroblast, BALB/3T3 A31-1-1 (A31) cells [5] . On the other hand, BHV-1 exhibits limited replication in hamster lung-derived HmLu-1 cells [4] . Hence, A31 cells are non-permissive and HmLu-1 cells are semi-permissive for BHV-1.
It has been reported that the host cell range of HSV-1 [2, 9, 12, 13] , PrV [8, 10] and canine herpesvirus (CHV) [7] is determined at the level of penetration due to the specificity of cellular receptor (s). However, in the case of the abortive infection of murine resident peritoneal macrophage by HSV-1, Morahan et al. demonstrated that the block in HSV-1 multiplication localized at the level of expression of the early to delayed-early viral genes [3] .
In our previous study, we have reported that attachment and penetration of BHV-1 were significantly reduced in semi-permissive HmLu-1 cells compared to those in permissive MDBK cells [4] . We also analyzed the attachment and penetration properties of a recombinant BHV-1, designated as BHV-1/TF7-6, expressing PrV glycoprotein B (PgB) and glycoprotein C (PgC) [5] and found that the defective entry of BHV-1 into semi-permissive HmLu-1 and non-permissive A31 cells was greatly improved by the expression of PgB and PgC [5] . In this study, we have analyzed the bottlenecks of BHV-1 growth in non-permissive A31 cells in more details.
At first, we compared the attachment and penetration rates of BHV-1 to A31 cells with those to MDBK and HmLu-1 cells according to the method described previously [4] [5] [6] [7] . Figure 1 A shows the attachment of BHV-1 to MDBK, HmLu-1 and A31 cells. Cell monolayers in 6-well culture plates were incubated with wild-type BHV-1 (LA strain) at a multiplicity of infection (MOI) of 10 (10 PFU/ cell) for 2 hr at 4°C, scraped and washed with PBS, and total (cellular and viral) DNA was extracted. The amount of BHV-1 DNA was measured by quantitative competitive polymerase chain reaction (QCPCR) assay [4] [5] [6] [7] . BHV-1 attached to cells at 4°C but did not penetrate into cells. The amounts of BHV-1 attached to HmLu-1 or A31 cells were at a similar level but was lower by approximately 50% when compared to those to MDBK cells. When temperature was shifted to 37°C, attached BHV-1 penetrated into cells and became resistant to trypsin treatment. In Fig. 1 B, the amount of penetrated BHV-1 into cells was shown as the percentage of trypsin resistant BHV-1 over attached one. Cells were incubated with BHV-1 at an MOI of 10 for 2 hr at 4°C, washed with PBS and overlaid with prewarmed medium containing an inhibitor of herpesvirus DNA replication, phosphonoacetic acid (PAA, 400 µg/ml). At 0, 2 and 5 hr after temperature shift, extracellular viruses were removed by trypsin treatment, and the amount of viral genome was measured by QCPCR assay. Penetration of BHV-1 into A31 or HmLu-1 cells was significantly reduced when compared to that into MDBK cells. At 5 hr postinfection (p.i.), approximately 20% of attached BHV-1 penetrated into HmLu-1 or A31 cells, while about 80 % of BHV-1 could penetrate into MDBK cells. From these results, it is apparent that the attachment and penetration of BHV-1 were significantly impaired in non-permissive A31 cells when compared to those in permissive MDBK cells. However, the attachment and penetration in A31 cells were similar levels that were seen in semi-permissive HmLu-1 cells, suggesting that the virus attachment and penetration do not totally determine the non-permissiveness of A31 cells to BHV-1 infection.
Following attachment and penetration processes, nucleocapsid and tegument of BHV-1 are transported to the nucleus of target cells [14] . In the experiment shown in Fig.  2 A, nuclear transport of BHV-1 penetrated into MDBK, HmLu-1 and A31 cells was examined. Cells were infected with BHV-1 in the same procedure as penetration assay, and the nuclear fraction was extracted as described previously [16] . BHV-1 DNA in each sample was quantified by QCPCR method. In each cell type, the amount of BHV-1 transported to the cell nuclei steeply increased between 0 and 2 hr and went on increasing gradually between 2 and 8 hr after virus penetration. The intracellular transport of BHV-1 to cell nuclei in A31 cells was as efficient as that in MDBK and HmLu-1 cells. These data suggested that the restriction of BHV-1 growth in A31 cells did not occur at the step between virus entry and nuclear transportation of BHV-1 DNA.
In order to examine growth defect of BHV-1 posterior to nuclear transport, we monitored the replication of BHV-1 genome in A31 and HmLu-1 cells by using QCPCR method. Cells in 12-well culture dishes were incubated with wildtype BHV-1 or BHV-1/TF7-6 at an MOI of 10. After an additional incubation for 2 hr at 37°C, remaining extracellular viruses were inactivated by low-pH treatment [6] , and the cells were overlaid with culture medium. Immediately thereafter (0 hr) and at 6, 12 and 24 hr p.i., cells and supernatants were harvested, and total DNA was extracted by using DNAZOL reagent (Gibco BRL) as described previously [6] . The amount of viral DNA in each sample was quantified by QCPCR (Fig. 2B) . In semi-permissive HmLu-1 cells, the viral DNA of both BHV-1 strains was multiplied gradually between 6 and 24 hr p.i. For BHV-1/ TF7-6 strain, which expresses PgB and PgC, the amount of viral DNA was markedly higher than that of wild-type BHV-1. This would suggest that the increased viral attachment and penetration into HmLu-1 cells resulted in increased DNA replication of BHV-1. In contrast, no increase in viral DNA of wild-type BHV-1 or BHV-1/TF7-6 was observed in A31 cells. Therefore, increased entry of BHV-1/TF7-6 in A31 cells did not result in increase in viral DNA replication.
To examine the restriction of viral growth after nuclear transport of BHV-1 in more detail, we compared the expression of BHV-1 infected cell-specific protein 4 (BICP4) in HmLu-1 and A31 cells by indirect immunofluorescence assay. BICP4, which is classified as immediate early (IE) protein encoded by BHV-1, acts as a regulator of other classes (early, late) of viral genes [11] . Indirect immunofluorescence assay was performed essentially as described previously [15] . HmLu-1 and A31 cells were mock infected or infected with BHV-1 (LA) and BHV-1/TF7-6 at an MOI of 10 for 1 hr at 37°C, washed and overlaid with culture medium. At 24 hr p.i., cell were fixed with methanol and reacted with mouse anti-BICP4 antiserum [4] . Then the cells were stained with fluorescein isothiocyanate (FITC)- conjugated goat anti-mouse IgG antibody and examined under a fluorescent microscope (Fig. 3) . When semi-permissive HmLu-1 cells were infected with the wild-type BHV-1 strain, the expression of BICP4 was detected as early as early as 3 hr p. i., and the signals got stronger at later time points (data not shown). For BHV-1/TF7-6, the expression of BICP4 in HmLu-1 cells was significantly greater than that for wild-type BHV-1 at 24 hr p.i. (Fig. 3 , upper panels). This agrees with the enhanced entry of BHV-1 by the expression of PgC and PgB. In contrast, no signal was observed in non-permissive A31 cells for either wildtype BHV-1 or BHV-1/TF7-6 at 24 hr p.i. (Fig. 3, lower  panels) . The results of current study can be summarized as follows: 1) Virus attachment and penetration of BHV-1 were impaired in A31 cells at similar levels that were seen in semi-permissive HmLu-1 cells (Fig. 1) . 2) Intracellular transport of BHV-1 to cell nuclei was not arrested (Fig. 2A) .
3) Expression of IE product, BICP4, and the onset of DNA replication were not observed in A31 cells (Fig. 2B and Fig.  3 ). 4) The increase in virus entry of BHV-1/TF7-6 did not induce either the expression of BICP4 or the replication of viral DNA. Results obtained here clearly suggest that the BHV-1 replication in A31 cells was completely arrested at point(s) posterior to nuclear transport and prior to expression of IE protein that regulates other classes of viral genes. At this time, the molecular mechanism of this blockage in A31 cells remains to be identified. We hypothesize that the BHV-1 IE promoter activity is impaired in non-permissive A31 cells. It is also possible that the release of BHV-1 genome from nucleocapsid into cell nuclei may be abortive in non-permissive A31 cells. 
